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Abstract - C-elements are used widely in asynchronous VLSI circuits. Fabrication faults in
some C-elements can be undetectable by logic testing. Testable designs of static CMOS C-
elements are given in this paper which provide for the detection of single line stuck-at and
stuck-open faults. We show that driving the feedback transistors in the proposed testable
static C-element transforms its sequential function into a combinational AND or OR func-
tion depending on the driving logic value. This simplifies the testing of asynchronous cir-
cuits which incorporate a large number of state holding elements. The scan testable C-
element described can be used in scan testing of the asynchronous circuit making the states
of its memory elements controllable and observable.
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1. Introduction

Asynchronous or self-timed circuits have already demonstrated advantages over their syn-

chronous counterparts. Some of the advantages are design flexibility, the absence of clock

skew, the potential for lower power consumption and performance at the average speed rate

rather than at the worst case [Hauck95], [Lav95]. A successful attempt to produce an asyn-

chronous version of the ARM microprocessor has been reported [Furb94]. However, before

producing a fully commercial asynchronous chip one must be sure that it is possible to show

that it is fault-free after its fabrication. Testing asynchronous circuits is aggravated by the

following factors [Hulg94]:

• the presence of a large number of state holding elements in asynchronous circuits makes

the generation of tests harder or even impossible;

• detecting hazards and races is complicated;

• the absence of synchronization clocks decreases the level of test control over the circuit.
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It has been observed that some classes of asynchronous circuits, such as delay-insensitive

and speed independent circuits, are testable for a certain class of stuck-at faults. These cir-

cuits use handshaking protocols where each signal transition on a circuit line is acknowl-

edged by another signal transition. In the presence of stuck-at faults such circuits halt.

Asynchronous circuits are self-checking or self-diagnostic circuits if they exhibit no activity

in the presence of stuck-at faults [Haz92], [Beere92], [David90].

The components used to design asynchronous circuits are complicated. Some of the fabrica-

tion faults inside asynchronous components are hard or even impossible to detect by logic

testing. The main building block widely used in asynchronous VLSI circuits is the Muller

C-element.Brzozowski and Raahemifar showed that the testing of line stuck-at faults in dif-

ferent implementations of the C-element is not trivial [Brzo95]. It has been observed that

line stuck-at faults of the C-element fall into one of the following categories:

• faults that are detectable by logic testing since they halt the circuit or change its function;

• faults that are detectable by delay measurements;

• faults that may result in an oscillation;

• faults that may destroy the speed-independence of the circuit;

• faults that are detectable by measuring the circuit current.

In this paper we consider different CMOS implementations of static C-elements for testabil-

ity. The C-element designs reported in this paper provide for the detection of line stuck-at

and transistor stuck-open faults using logic testing. The structure of the paper is as follows:

Section 2 discusses the testing of line stuck-at faults and transistor stuck-open faults in

CMOS circuits; different implementations of static C-elements are examined in Section 3;

Sections 4 and 5 present CMOS implementations of the C-element which are testable for

stuck-open and stuck-at faults respectively; the C-element with scan features is considered

in Section 6; cost implementation comparisons are made in Section 7; and, finally, Section 8

summarises the principal conclusions of the paper.
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2. Testing for fabrication faults in CMOS circuits

Stuck-at and stuck-open fault models are used to describe the effects of the majority of fab-

rication faults in CMOS circuits [Weste93], [Wad78], [Red86], [Russ89]. The stuck-at fault

model assumes that a fabrication failure causes the wire to be stuck permanently at a certain

logical value. Consider a fragment of a CMOS design (in Figure 1a) with possible locations

of line stuck-at faults. For instance, the stuck-at one fault in node 1 (1-SA1) is interpreted as

a break on line 1 with the gate ofn-type transistorN2 connected permanently to the power

supply voltage (in Figure 1b). The application of a constant voltage is marked with a cross.

Fault 2-SA can be represented in three ways:

• the disconnection of transistorN1 from node 2 and setting its source to a logical value

(fault 2’-SA in Figure 1b);

• the disconnection of transistorN3 from node 2 and setting its source to a logical value

(fault 2’’-SA in Figure 1c);

• the disconnection of transistorN2 from node 2 and setting its drain to a logical value

(fault 2’’’-SA in Figure 1d).

Note that fault 2’’’-SA is equivalent to fault 1-SA0 when transistorN2 is permanently off.

Thus, fault 2’’’-SA can be excluded for the sake of simplicity. Notations 3’-SA or 3’’-SA

denote a break on the left side of liney and setting a permanent logical value on its right

Figure 1 : Locations of line stuck-at faults and their interpretation in a fragment of
CMOS design
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side or a break on the right side of liney and setting a permanent logical value on its left

side respectively (compare Figures 1b and 1c).

The basic CMOS inverter shown in Figure 2a consists of two types of transistors:p-type

andn-type transistors [Weste93]. When inputx is low then transistor is off and thep tran-

sistor is on. Outputy is connected to the power supply voltage (Vdd) which corresponds to a

logical one. If inputx is high then transistor is on and thep transistor is off. Outputy is con-

nected to ground (Vss) which is a logical zero. Figure 2a shows line stuck-at fault locations

in the CMOS inverter. For example, fault 1-SA1 of the inverter sets its outputy to a constant

logical zero. Inputx of the inverter must be set to low to detect this fault, whereupon output

y remains low whereas the fault-free response is high. Consider fault 2-SA0 in the inverter

illustrated in Figure 2a. This fault sets transistorP1 permanently on. If inputx is high both

transistorsP1 andN1 are on. This leads to an uncertain situation when a logical one or zero

can be registered by the test circuitry depending on the strengths of the transistors. As a

consequence, the detection of fault 2-SA0 cannot be guaranteed by logic testing. Similar

observations can be made for fault 3-SA1.

A stuck-open fault model represents a fault effect caused by a fabrication failure which per-

manently disconnects the transistor pin from the circuit node. Stuck-open faults can be

opens on the gates, sources or drains of transistors. In the presence of a single stuck-open

fault (SO) there is no path from the output of the circuit to eitherVdd or Vss through the

faulty transistor. For example, in the presence of faultP1-SO (Figure 2a) outputy cannot

beset high since there is no connection between Vdd and nodey. This fault can be identified

Figure 2 :  CMOS inverters: a) inverter with two logically untestable stuck-at faults;
b) testable inverter
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by a set of two test patterns <T1=1,T2=0> applied sequentially to inputx. As a result, the

output of the faulty inverter remains low whereas the output of the fault-free inverter is

high. FaultN1-SO is detectable by a test set <T1=0,T2=1>.

Figure 2b shows a CMOS inverter which is testable for all single stuck-at and stuck-open

faults. Two additional transistors (P1 andN1) controlled by two separate inputs are inserted

into the inverter shown in Figure 2a. Table 1 contains tests for line stuck-at faults and tran-

sistor stuck-open faults in the inverter. Note that faults 4-SA0 and 5-SA1 are detectable by

logic testing. For instance, a test sequence <T1=111,T2=100> applied to the inputs of the

inverter detects fault 4-SA0. The effect of fault 6-SA0 or 7-SA1 is a ‘weak zero’ (0w) or a

‘weak one’ (1w) output signal respectively. These voltage levels are very close to the corre-

sponding logical 1 and 0 voltage levels since outputy was previously set to the same logical

values. Faults 1-SA1 or 3-SA0 result in a ‘floating zero’ (0’) or ‘floating one’ (1’) output

signal respectively. The output capacitance of the inverter can be considered as a dynamic

memory element which keeps its precharged value for a certain time. It is assumed that the

time between the application of two test vectors is small enough not to allow a floating out-

put voltage level to reach the CMOS threshold level [Weste93], [Red86]. Hereafter we will

treat weak and floating logical values as normal ones.

Table 1 : Tests for stuck-at and stuck-open faults of the inverter in Figure 2b

Single
SA0 faults

Single
SA1 faults

Single SO
faults

Test sequences Fault-free
output

Faulty out-
put

x tn tp y y
2 8 1 1 0 0 1
8 2 0 1 0 1 0

1,4 P1,P2 1 1 0 0 0
0 1 0 1 0’

3,5 N1,N2 0 1 0 1 1
1 1 0 0 1’

4 1 1 1 0 0
1 0 0 0’ 1

5 0 0 0 1 1
0 1 1 1’ 0

1 6 1 1 1 0 0
0 1 1 0’ 1

7 3 0 0 0 1 1
1 0 0 1’ 0

6 1 1 0 0 0
0 1 0 1 0w

7 0 1 0 1 1
1 1 0 0 1w



6

A stuck-at fault on the gate of a CMOS transistor keeps the transistor on or off permanently

depending of the type of fault. Thus transistor stuck-open faults in CMOS designs can be

represented by their correspondent gate stuck-at faults. For instance, fault 5-SA0 on the gate

of transistorN2 is equivalent to faultN2-SO (see Figure 2b). As a result, testing for stuck-at

faults of the inverter illustrated in Figure 2b guarantees the detection of all its stuck-open

faults.

3. CMOS designs of the C-element

Figure 3a shows a symbolic representation of the two-input C-element with inputsa, b and

output c. The C-element is a state holding element the output of which is high when its

inputs are high and low when its inputs are low. Any other input combinations do not

change the state of the C-element. The function performed by the two-input C-element can

be written as follows:

, (1)

wherect andct-1 are the states of the C-element at timet andt-1 respectively.

Figure 3 :  C-elements: a) symbol of the two-input C-element; b) and c) static C-elements;
d) pseudo-static C-element.
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There are different ways to implement static C-elements in CMOS technology. Figure 3b

shows a CMOS C-element which performs according to equation 1. For example, whena=1

andb=1 there is a path betweenVss and the input of inverterinv. As a result, outputc of the

C-element is high and feedbackn-type transistorN5 is on. If the inputs of the C-element are

different there is always a connection betweenVss and the input of inverterinv.

Equation 1 can be rewritten in the following form:

. (2)

A CMOS implementation of the C-element which performs according to equation 2 is illus-

trated in Figure 3c. This C-element works in a similar way as the one shown in Figure 3b.

Both CMOS implementations of the C-element require 12 transistors.

The C-element shown in Figure 3d is a pseudo-static C-element which performs according

to equation 1 but in a way similar to that of a dynamic C-element. The only difference is

that the weak feedback inverterinv2 is inserted into the C-element to create a CMOS mem-

ory. If ct-1=0,at=1 andbt=1 then the input of inverterinv1 is driven to low since the strength

of n-type input stack (transistorsN1 andN2) is higher than that ofp-type stack of weak

inverterinv2. As a consequence, outputc of the C-element goes high keeping the input of

inverterinv1 in low. If the input transistor stacks are disabled by different input signals the

current state of the C-element is kept unchanged. The implementation of the pseudo-static

C-element requires 8 transistors.

For test purposes we assume that the inputs of the C-element are controllable and its outputs

are observable. It has already been shown in Section 2 that some of single stuck-at faults in

the CMOS inverter are not detectable by logic testing. Therefore, such faults are not detect-

able in the CMOS designs depicted in Figure 3. There is a fundamental problem in the test-

ing of static C-elements for stuck-open faults. Stuck-open faults in the feedback transistors

of the static C-element transform it into a dynamic one. For instance, if the output of the

weak inverter in the C-element shown in Figure 3d is disconnected from the input of

inverterinv1 the faulty C-element still performs according to equation 1, but as a dynamic

circuit. This kind of fault can be identified only by ‘slow’ testing which ‘waits’ until the

ct at bt+( ) ct 1–⋅ at bt⋅+=
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output of the faulty C-element is discharged completely. This degrades the test perform-

ance. CMOS structures of the C-element which provide for the detection for single line

stuck-at and transistor stuck-open faults are considered in the following sections.

4. Testing for stuck-open faults

The testing of stuck-open faults in the feedback transistors of the static CMOS C-element is

implemented by driving them using an extra input and observing test results on its output.

The structure shown in Figure 3b is most suitable as the starting point for the testable imple-

mentation. Figure 4 illustrates a CMOS design of the C-element where single transistor

stuck-open faults are detectable. The C-element contains an additional weak inverter (tran-

sistorsP6 andN6) the output of which can be overdriven by a logical value applied to pinm.

The proposed implementation of the C-element requires 14 transistors.

Tests for the transistor stuck-open faults of the C-element are shown in Table 2. Ifmi=0 or

mi=1 nodem is used to drive feedback transistorsP5 andN5 with a logical zero or one

respectively. If mi=z then nodem is in a high impedance mode. A hyphen in the column

headedmo means that nodem does not carry any diagnostic information since it is driven by

an external logical value. It can be seen from Table 2 that faultsP5-SO andN5-SO, which

transform the static behaviour of the C-element into a dynamic one, are detectable by sets of

two tests with no need for ‘slow’ testing.
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Figure 4 : Locations of stuck-open faults in the static C-element
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Driving the feedback transistors of the C-element transforms its sequential function into a

combinational one depending on the logical value applied to pin m. Table 3 contains the

operation modes of the C-element illustrated in Figure 4. When mi=0 or mi=1 the C-element

is transformed into an AND or OR gate respectively. This transformation of the sequential

function of the C-element allows a reduction in the number of state holding elements in the

asynchronous circuit under test and makes its testing easier. On the other hand, once the cir-

cuit (in Figure 4) performs as the C-element output m can be used as a test point increasing

its observability inside the asynchronous circuit.

Table 2 : Tests for stuck-open faults of the C-element in Figure 4

Stuck-open
faults

Test sequences

Outputs of the
fault-free C-

element

Outputs of the
faulty C-ele-

ment
a b mi c mo c mo

P2,P3,P5,N7 1 1 0 1 - 1 -
1 0 0 0 - 1 -

P1,P4,P5,N7 1 1 0 1 - 1 -
0 1 0 0 - 1 -

N2,N3,N5,P7 0 0 1 0 - 0 -
0 1 1 1 - 0 -

N1,N4,N5,P7 0 0 1 0 - 0 -
1 0 1 1 - 0 -

P6 0 0 z 0 0 0 0
1 1 z 1 1 1 0

N6 1 1 z 1 1 1 1
0 0 z 0 0 0 1

Table 3 : Operation modes of the C-element in Figure 4

Function Inputs Outputs
a b mi ct mo

AND
0 0 0 0 -
0 1 0 0 -
1 0 0 0 -
1 1 0 1 -

OR
0 0 1 0 -
0 1 1 1 -
1 0 1 1 -
1 1 1 1 -

Muller C
0 0 z 0 0
0 1 z ct-1 ct-1

1 0 z ct-1 ct-1

1 1 z 1 1
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The use of a weak inverter in the C-element illustrated in Figure 4 is not efficient in terms of

power consumption in test mode. For instance, if during the test pinm is kept to one and

a=b=0 then there is a path betweenVdd andVss which increases the power dissipation of the

C-element. The power consumption can be reduced if the weak inverter is replaced by a

tristate inverter which is disabled during the test by an extra control input. It is easy to show

that in this case such a C-element remains testable for transistor stuck-open faults.

5. Testing for stuck-at faults

The C-element illustrated in Figure 4 is not testable for line stuck-at faults since it has

inverters which are not fully testable for all single line stuck-at faults (see Section 2). The

implementation of the C-element shown in Figure 5 incorporates inverters which are testa-

ble for single stuck-at faults using two additional test inputstp andtn. Two extra transistors

controlled by inputstp andtn are inserted in the feedback paths of the C-element for testa-

bility purposes. In normal operation mode, whentp=0 andtn=1 the circuit performs in the

same manner as the one in Figure 4.

It is assumed that all the inputs and outputs of the C-element are controllable and observa-

ble during the test. Table 4 contains tests which are derived to detect its single line stuck-at

faults. As was previously observed in Section 2 the detection of all single line stuck-at

faults in a CMOS design guarantees the detection of all its single stuck-open faults. For

instance, fault 18-SA1 is equivalent to keeping the appropriatep-type transistor off perma-
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Figure 5 : Locations of stuck-at faults in the static C-element
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nently which means its permanent disconnection fromVdd. As a result, the proposed CMOS

design is testable for both stuck-at and stuck-open faults.

Table 4 : Tests for stuck-at faults of the C-element in Figure 4

No. Single stuck-0
faults

Single stuck-1
faults

Test sequences

Outputs of the
fault-free C-

element

Outputs of the
faulty C-ele-

ment
a&b tn&tp mi c mo c mo

1 31,32,38,40 8,20,37 11 10 z 1 1 0 0
2 8,20,37 31,32,39,41 00 10 z 0 0 1 1
3 7’,12’,16’,30 2,4,7’’,10,12’’,

14,18
11 10 0 1 - 1 -
10 10 0 0 - 1 -

4 7’’,12’’,16’’ 1,3,10,14,12’,
16’,19

11 10 0 1 - 1 -
01 10 0 0 - 1 -

5 2,5,9’’,11,13’’,
15,22

9’,13’,17’,27 00 10 1 0 - 0 -
01 10 1 1 - 0 -

6 1,6,11,13’,15,
17’,21

9’’,13’’,17’’ 00 10 1 0 - 0 -
10 10 1 1 - 0 -

7 25,26,29,30,
34,36

11 10 z 1 1 1 1
00 10 z 0 0 1 1

8 23,24,27,28,
33,35

00 10 z 0 0 0 0
11 10 z 1 1 0 0

9 4,10,18 16’’ 11 10 0 1 - 1 -
01 11 0 1 - 0 -

10 3,10,19 7’ 11 10 0 1 - 1 -
10 11 0 1 - 0 -

11 17’’ 5,11,22 00 10 1 0 - 0 -
10 00 1 0 - 1 -

12 9’ 6,11,21 00 10 1 0 - 0 -
01 00 1 0 - 1 -

13 14 11 00 1 1 - 1 -
10 00 1 1 - 1 -
10 11 0 1 - 0 -

14 15 00 11 0 0 - 0 -
10 11 0 0 - 0 -
10 00 1 0 - 1 -

15 23,27,33,35 38,40 00 10 z 0 0 0 0
11 11 z 0 0 1 1

16 39,41 26,30,34,36 11 10 z 1 1 1 1
00 00 z 1 1 0 0

17 24,28 00 11 z 0 0 0 0
00 00 z 0 0 1 1

18 25,29 11 00 z 1 1 1 1
11 11 z 1 1 0 0

19
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6. Scan testing of C elements

Scan testing has already become a standard methodology for testing VLSI circuits

[Russ89]. Several reports describing different implementations of a scan test in asynchro-

nous circuits have been published [Ron94], [Khoc94], [Pet95]. Scan testing presumes that

the circuit is set to scan test mode where all its state holding elements are connected

together forming a united scan chain. The scan path can be controlled either synchronously

or asynchronously [Pet95]. As a consequence, the states of all memory elements are con-

trollable and observable.

State holding elements of a scan testable circuit must operate at least in two modes: normal

and scan test modes. In normal operation mode, the circuit performs according to its specifi-

cation. During the scan test, the test patterns are loaded into the state holding elements and

the test results are shifted out of the circuit. Figure 6 illustrates a CMOS implementation of

the pseudo-static C-element with scan features. It contains two additional control inputs:
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Figure 6 :  Pseudo-static C-element with scan features
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clock (Clk) and scan test (T) signals. Inputs Sin and Sout are used to scan the test pattern in

and scan the state bit out of the C-element. Output Sout of each scan testable C-element (or

any other scan testable memory block) is connected to input Sin of its successor forming the

scan chain.

In normal operation mode, when T=0 and Clk=0 the C-element performs as the pseudo-

static C-element depicted in Figure 3d. In scan mode, the input transistor stack is disabled

by input T set to high. Clock signals are generated on input Clk to shift the test pattern from

input Sin into the C-element. When signal Clk goes high the output transistor stack of the C-

element is disabled and nodes c and nc are controlled from input Sin. Once the clock signal

is low the negated bit loaded from input Sin is stored in the C-element and is passed to its

output Sout. Clock signals generated on input Clk are used to shift the state bit of the C-ele-

ment through the scan path to the test circuitry. When Clk=1 output Sout keeps its current

logical value creating a dynamic memory and supplying input Sin of the following memory

element. Clock signals must be kept high for enough time to guarantee the proper transmis-

sion of logical voltage levels.

An analysis of the C-element shown in Figure 6 reveals that it is testable for single transis-

tor stuck-open faults. Table 5 contains tests for detecting stuck-open faults of the C-ele-

Table 5 : Tests for stuck-open faults of the C-element in Figure 6

Single stuck-open
faults

Test sequences

Outputs of the
fault-free C-

element

Outputs of the
faulty C-ele-

ment
a&b T Clk Sin c Sout c Sout

P1-P3,N5,N6 11 0 0 x 1 - 1 -
00 0 0 x 0 - 1 -

P5,P6,P12,N1-N3 00 0 0 x 0 - 0 -
11 0 0 x 1 - 0 -

P7-P10,N4,N11 xx 1 1 1 - x - x
xx 1 0 1 - 0 - 0
xx 1 1 0 - 1 - 0
xx 1 0 0 - 1 - 0

P4,P11,N7-N10 xx 1 1 0 - x - x
xx 1 0 0 - 1 - 1
xx 1 1 1 - 0 - 1
xx 1 0 1 - 0 - 1

N12 00 0 0 x 0 0 0 0
11 1 0 x 0 0 1 1
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ment. Symbol ‘x’ denotes a ‘don’t care’ signal. A hyphen means that the appropriate output

is not used to observe the test results. Note that the fundamental problem of testing stuck-

open faults in the weak feedback inverter of the pseudo-static C-element no longer exists

since the weak transistors of the scan testable C-element participate in the scanning of the

test data.

Consider an implementation of the scan testable CALL element in order to demonstrate

how the C-element shown in Figure 6 can be used to build more complex scan testable

asynchronous blocks. The CALL element is an event driven logic block [Suth89]. It

remembers which of its inputs received an event first (R1 or R2) and acknowledges the

completion of the called procedure by an appropriate event on the matching output (D1 or

D2). The CALL element with scan features shown in Figure 6 performs using the two-

phase signalling protocol where each signal transition denotes an event. All the inputs and

outputs are initialized to zero.T=0 andClk=0 in normal operation mode. When a rising

request signal is generated on inputRi it primes C-elementCi and passes through the XOR

gate producing a rising request signal on its outputR. Once the required procedure com-

pleted an appropriate acknowledge event is generated on inputD. As a result, C-elementCi

Figure 7 :  CALL element with scan features
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is set to one and a rising acknowledge signal is passed to outputDi (i=1,2). The perform-

ance of the CALL element is identical for falling request events.

If the CALL element shown in Figure 7 is incorporated into an asynchronous VLSI circuit

its internal states can be controllable and observable through the scan path. A test bit sent to

input Sin of the C-element is negated on its outputsSout andc (see Figure 6). The CALL

element is tested by setting test control signalT to one. For instance, the clocked sequence

01 must be applied to inputSin of the CALL element in order to set its C-elements to one.

The CALL element can perform its specified function when signalsT andClk are returned

to zero. The state bits of the C-elements are shifted out of the CALL element and compared

with known responses when its inputT is set one and clocks are produced on its inputClk.

7. Cost comparisons

The testable structures of the C-element presented in the paper require different overheads

depending on the fabrication faults to be detected. The designs of testable C-elements have

been implemented on a 1  CMOS process and their extracted layouts have been investi-

gated using SPICE analyses [PeTR95]. Table 6 contains a summary of cost implementation

comparisons of the CMOS C-elements and their testability. The largest number of transis-

tors is required to implement the scan testable C-element. This is because scanning the data

through the C-element can be implemented only in a master-slave manner which requires at

least two memory elements. The implementation of the C-element shown in Figure 3 has

just 17% overhead with one extra control input and guarantees the detection of all its stuck-

open faults. The sequential function of such a C-element can be changed into a combina-

tional one (AND or OR) which simplifies the testing of other components incorporated in

the asynchronous circuit.

Table 6 : Summary of costs of the testable C-elements

Design No. of
transis-

tors

No. of extra
inputs/out-

puts

Overhead
in No. of
transistors

Layout
over-
head

Output nodal
capacitance

Testability for faults

Figure 3 14 1 17% 17% 2.07 stuck-open
Figure 4 20 3 67% 45% 3.21 stuck-at & stuck-open
Figure 5 24 4 200% 115% 11.22 stuck-open

µm

10
14–× F
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8. Conclusions

CMOS C-element designs for testability have been presented. Tests for detection of all sin-

gle line stuck-at and transistor stuck-open faults of the proposed testable implementations

of the C-element have been derived. It has been shown that although the CMOS C-element

testable for line stuck-at faults allows the detection of all its single stuck-open faults its

implementation requires more overhead than that of the C-element testable only for stuck-

open faults. The fundamental problem of testing feedback transistors in static C-elements

has been resolved. We illustrated that the sequential function of the C-element can be trans-

formed into a combinational one (AND or OR) by driving its feedback transistors with an

additional input. A scan test can be implemented by using the scan testable C-element

design described in the paper. An analysis of the costs required to implement different test-

able C-element structures has been presented. It shows that the largest number of transistors

is required to implement the scan testable C-element. The CMOS structures of the C-ele-

ment considered in the paper can be used to design asynchronous VLSI circuits for testabil-

ity.
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